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The Belle || Detector

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

— -~ (end-caps , inner 2 barrel layers)
EM Calorimeter : q

CslI(Tl), waveform sampling electronics

e N

electrons (7 GeV) S

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm
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Belle || Data-taking: Status and Outlook

Belle Il Online luminosity Exp: 7-21 - All runs
Integrated luminosity - 250
* Collected over 231 fb! of data | = Recoraeq weakty
—— [ LCRecordeadt = 231.78[fb']
thus far -
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Belle || Data-taking: Status and Outlook

1500

e Ly 1300fb"
D
* Dataset size comparable to Belle |-
targeted for end of 2022, of order 3 800fb-" 900fb
800 fb? 3
e Long-term: 50 ab'1 (50 x Belle % 500 600fb1
dataset) by end of experiment 3
£, LS1
2020/4 2021/4 2022/4 2023/4 2024/4

Date

LS1 = Long Shutdown 1
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Motivation: Exclusive Semi-leptonic Decays

|Vub| Measurements over Time

7 - CKMFitter Unitarity + |Vup| Exclusive + B-T1v
H - " EPS 2019 PDG CKM Review Phys.Rev.D 92 (2015) 5, 051102
[ ]
Precision measurements of CKM matrix elements key Vool Inclusive Bopv g e P
6 — + PDG CKM Review + Phys.Rev.D 101 (2020) 3, 032007 Nature Phys. 11 (2015) 743-747

for testing unitarity condition, particularly for |V, |,
which forms dominant uncertainty

5
. . . =
e Exclusive semi-leptonic decays golden modes for . + + s é # ¢ ¢ ¢ +
measurements of |V, |and |V, ]|, e.g. B>mfv, e 1 + 1
B->D(y, R N R IR V|
* Existing tension between |V, | and |V, | from ub
H H ~ I I I I I I I I I I I I I
incl usive vs. apprc?achesf ea?c'h of c?rder 30 W, W W, b b b, b,
* Projected Belle Il dataset will be significant in
. . . . . .« . |Vew| Measurements over Time
resolving this tension and improving precision O R
48_: © EPS2019 . * P;ys.Rev.D 10; (2020) 7, 0720047 | V |
am : t 'L\ggl ‘C"&”-:;\iew & 55_)?{‘}_; Ig; stuLzo 7, 0720047 Cb
(D,TI) * * * 46 — [Veo| Exclusive yeren ( M.
V‘U,d Vub + %d ‘/::b ‘|— ‘/%d th — D ] + PDG CKM Review

10° |Vep|

ViV

V::d ‘/rb

R e co e :
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Reconstruction Methods for Exclusive Semi-leptonic Decays at Belle |l

* Untagged(inclusive tagged) approaches:

Reconstruct signal decay of interest
All remaining particles in event
assigned to inclusive tag

Highly efficient but low purity,
selection optimisation key

e Tagged approaches:

Reconstruct both signal B decay and
other B-meson in event (tag)

Tag can be hadronic or semi-leptonic
Unique advantage of hadronic
tagging for semi-leptonic signal
decays - missing neutrino
momentum can be determined

Inclusive Tag
e = O(100)% e

Consistency of By, %

Semileptonic Tag =

- /1(
e=0(1)% TS
Knowledge of By,, Ty

Hadronic Tag e
e = 0(0.1)% —e<<<
Exact knowledge of B

tag

l t=epu
B; ﬂ-o Y

g N
T(4S) —

@s) -

/ 5
B; o v

e N
T(4S) —

(4S) =
Braa\D°
" T

K+

uorjetnIojuy
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Untagged B>D™*¥7,

arXiv:2008.071

. 0 0 ] BeIIe I prellmmary cht 34.6fb1 Belle Il preliminary jmt 34.6fb!
* Here’ D +$D n+’ D 9K_n+’ Wlth ﬁ 2000¢ BD_)D Ter Ve g Z;ba‘ckground E 5000; EO _)ID*+IJI_vﬂ | | | g Z:balckground ]
Am . ) € [0.144, 0.148] GeV/c? S 4000i | = Contun e | = comnu
. ’ . . . . . 0 [ 227 MC unc. « 4000 F 2/ MC unc.
* Signal extraction via distribution of A g
. . > i >
cos(8,,): cosine of angle between flight b 30007 ' 3000
directions of B-meson and combined D*-¢ 2000 | 2000
system (Y)
. . . . 1000 1000
* Branching fraction consistent with PDG, : :
. . —-—I* E
but large systematic uncertainty due to S , 2 |
i i = | i = | !
slow pion tracking R e IR EO:I}tiH”}HI} i
* Next steps: Extract|V,,| from fits to I S Y I
-4 =3 =2 -1 0 1 2 3 4 -4 =3 -2 -1 0 1 2 3 4
cos(B,,) in bins of hadronic recoil cosOey cosOey

parameter, w

B(B° — D**0 1)) = (4.60 & 0.055 £ 01745 & 0.45,,) %

2EL by — B m%;
2\p3||py|

cosfpgy = PDG: (5.05 + 0.14) %
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https://arxiv.org/abs/2008.07198

Untagged B —> D¢,

arXiv:2110.02648

51%!;“2 Il (preliminary) [cdt=62.8f0"1 . Ele()lle Il (preliminary) fcdt: 62.8 fb-1
200f B-—D% "7, = Signal "l - - D%, @ Signal
. . . . . . v D" v
« Signal extraction via distribution of s o e 20 ———
cos(8,,): cosine of angle between flight S 150 v et | S L T e
directions of B-meson and combined D- 51122 t Data g t pata
system (Y) * S o S0l
* Large backgrounds from B->D"fv,decays S osof S st
reduced via dedicated veto 025}
e Competitive branching fraction Oz"i 0.0 :
measurement, consistent with PDG 5 o0 ++i+*++ Hy {H}f 4“{””{ H 5 oyt ++*++4 ++* TRV
* Next steps: Extract |V, | from fits to 25} tH trot s t b
. . . . -4 -3 =2 -1 0 1 2 3 4 -4 -3 =2 -1 0 1 2 3 4
cos(B,,) in bins of hadronic recoil cos Opy cos Ogy
parameter, w
B(B~ — D% ) = (2.29 & 0.054at + 0.084y5¢)%
* Tk 2 2
BY 2[5 [[p% | PDG: (2.35 £ 0.035tat = 0.095yst) %

25.11.2021 Nadia Toutounji: Exclusive semi-leptonic decays at Belle Il The University of Sydney 9



https://arxiv.org/abs/2110.02648

Tagged Analysis at Belle II: Full Event Interpretation

* Multi-variate analysis technique for reconstructing B-tags via

over 4000 unique decay chains

Tracks  Displaced Vertices  Neutral Clusters

|

* Includes both hadronic and semi-leptonic tagging
functionality
arXiv:2008.06096
%104 Belle Il preliminary %104 Belle 1l preliminary
2.5} W Correctly reconstructed IE dt=34.6fb™? 1or W Correctly reconstructed fﬁ dt=34.6fb!
El Continuum & mis-reconstructed Hl Continuum & mis-reconstructed
g Sob t Data fg 0ogl t Data
E Nps, =84907 + 734 E Ngg, =38545 + 1161
g 15F Ptag > 0.1 g 0.6} Prag > 0.5 X100 Belle Il preliminary
S = \\ Hadronic B*,,, 3 == ves)-sE
= o e g 10 Iﬁdf= 34.6fb71 EEE Continuum
-~ < 04r Z B¢, w4 MC stat. unc.
b 2 ] 9 ¢+ Data
@ & 5 08
@ 302 2
% 0.6
0]
0.0 0.0 0.4
5.250 5.255 5.260 5.265 5.270 5.275 5.280 5.285 5250 5.255 5.260 5.265 5.270 5.275 5.280 5.285
M (GeV/c?) My (GeV/c?) 0.2
o 0.0
E 1
. . e e . )
* Selection on final classifier output Piag provides good = o e
. . .. . T _q b, . . . . . .
signal-background discrimination M. = 32 |z, 2 S T e s E oo
be = CM |PBtag| 109(Prag)
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https://arxiv.org/abs/2008.06096

Hadronic Tagged B°>D™ ¢,

arXiv:2008.10299

Belle Il  preliminary  [cdt = 34.6 fb?

e Here, D"*>D%*, D° >Krt*, with » —
Am(D* D) E [0.143, 0.148] GeV/C2 = 80_' I Background
e o . L L %% MC Uncertainty
* Hadronic tag reconstructed recoiling against T ¢ Data
signal B-meson, whilst satisfying an optimal ol
selection on the FEI classifier output < aof
* Events with tracks remaining after Y(4S) § ol
reconstruction excluded Yo
« Signal extraction via distribution of m?,_., 0 e
the square of the missing four-momentum . 25 | Lt
in the event 5lé O-O;HiHH R -
el _25L T Y | } * .

-1.0 -05 00 05 10 15 20 25 3.0
M2, [GeV?/c*]

* Branching fraction consistent with PDG, with
dominant systematic uncertainty due to
slow pion tracking

B(B” — D™ 7p) = (4.51 £ 0.4 1 £ 027,y £ 0.45, ) %

2
2 _ L _ .
Mmiss = (pe"' e~ ~ PB,, — PpD pf) PDG: (505 + 014) %
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https://arxiv.org/abs/2008.10299

Hadronic Tagged B—>ritv,

arXiv:2111.007

Belle Il Preliminary [cdt=62.8f"!
e Hadronic tag selected satisfying :

5 [ mm Bty
minimum threshold on FEI classifier r§ 60;; orearond
output 9 O ¢ oaa
* Events with tracks remaining after Q
Y(4S) reconstruction excluded %
e Signal extraction via distribution of £
mzmiss :>j
* B*->n%v,:Branching fraction y
consistent with PDG, dominant = i 0.0f
systematic uncertainties from 5 -25¢ o L
calibration of FEI algorithm and r® -0 =05 00 05 10 1> 20 25 30

. . . M2. GeVZ/c*
reconstruction efficiency miss (GEV*/C]

S
oy
_|_
1

3
o
~
+

s
|

(8.29 £ 1.99(stat) # 0.46(syst)) x10~°

2

2
M iss = (pe+ .~ —DPB,, — Pr —pg> PDG: (7.80 £ 0.27) x107°
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https://arxiv.org/abs/2111.00710

Hadronic Tagged B—>ritv,

arXiv:2111.00710
Belle Il Preliminary [cdt=62.8fh"! Belle Il Preliminary [cdt=62.8fb"!
3 20Fm= hons 0GeV?/c* = g2 < 8GeV?/c* i - g::;;:und 8GeV?/c* = g? < 16 GeVZ/c*
Tl 15t g bin 3 R 2n g2 bin
2 g & 20
* For B9>m#v,, signal extraction via 3 bins e | S
2 ot 2 10f
of the square of the 4-momentum g8’ E
. 2 o 0 ) 0.
transfer to the leptonic system, g R ig”HHHH'{'%
* BranChIng fraCtlon ConSIStent Wlth PDG’ g 7—51_.0 —6.5 010 OrS le 1I.5 210 215 3.0 8 _2?1-.0 70|,5 O:O 015 11,0 115 2:0 2:5 3.0
dominant systematic uncertainty due to s [GEVIIET] s [GEVIC]
. . . Belle Il Preliminary [cdt=62.8fb1
calibration of FEI algorithm ¢ OFm o= toceiez szmscevie
% 30_'/./4 b;:t:tat unc 3rd qZ b|n
Q
g 20
% 10+
* Next steps: |V, | extraction @
* Semi-leptonic tagged and untagged B o e

B%n'evfin prOgreSS -10 05 00 05 10 15 20 25 30

M2, [GeV2/cH]

B(BY — 7 ¢ty) = (1.47 £ 0.29(stat) + 0.05(syst)) x10*

5 (from sum of partial branching fractions in 3 g2 bins)

2
Mimiss = (pe+ e~ thag — Prp pﬁ)
PDG: (1.50 & 0.06) x10~*
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https://arxiv.org/abs/2111.00710

First Results: Hadronic Tagged B—>pfv,

arXiv:2111.00710

Belle Il Preliminary B-p*iv Belle Il Preliminary B-p°fv
& S0 T T ' ' - ' ' ™3 3 SOFT - ' . - ' o]
e Hadronic tag selected satisfyin £ | - satroms » = ceckground
g y g 8 40 _'/./+./A gctstat. unc. 8 a0l w0 MC stat. unc. ]
minimum threshold on FEI classifier B | fea-sen 14 A ‘Nﬂfﬁlmq
output o = S 30t ]
e p-meson selected within mass £ 20} £ 20}
: 5 &
window M__ € [0.333, 1.217] GeV/c? Sl o
* Events with tracks remaining after ’
Y(4S) reconstruction excluded o | L 22 e
€] 2F ] 9] =r ]
e Signal extraction via distribution of 00t R + L iz 00 —— o+
slg 0 1 - ol t rro 1 t
2 8 * r f + ! ! I + I 8 -25F ¢ t
m miss "0 05 00 05 10 Ls 20 25 30 -1.0 —05 00 05 10 15 20 25 30
* Next steps: 2-dimensional signal Miiss [GeVZ/ct] Miss [GeV?/c]
extraction viam?_..and M__to Due to low signal significance at this sample
constrain backgrounds size (< 20), 95% CL upper limits on branching

fractions quoted at present:

B(B® = p~0Tu,) < 3.37x 1074 B(BT — p0tyy) < 1.97 x 1074

2
Mmiss = (pe+ e~ thag o pp o pﬁ) PDG: (294 + 0.11 + 018) X 10_4 PDG: (158 + 011) X 10_4
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https://arxiv.org/abs/2111.00710

Prospects for |V | and |V, | with Exclusive
Semi-leptonic Decays

arXiv:1808.10567

Belle IT MC

-8 tagged + current LQCD

* Dominant uncertainty in unitarity . —— sl gt
triangle fits due to |V, | '78tﬂtus o= et + o0 13m.

=B~ untagged + LQCD in 10 yrs

* Belle Il simulation: potential to reduce
uncertainty on |V, | by a factor of 2
(untagged) at target integrated
luminosity

T T T T T
0 10 20 30 40 50
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https://arxiv.org/abs/1808.10567

Prospects for |V | and |V, | with Exclusive
Semi-leptonic Decays

arXiv:1808.10567

Observables Expected the. accu- Expected Facility (2025)
racy exp. uncertainty
UT angles & sides
1 [°] ik 0.4 Belle I1
o2 [°] e 1.0 Belle 11
é3 [°] i 1.0 LHCb/Belle 11
‘:h incl. G 1% Belle 11
Vep| excl. by 1.5% Belle 11
V.| incl. i 3% Belle 11
[[Vis| excl] *x 2% Belle I1/LHCb
* Improved precision on exclusive|V,, | . 4
The Belle Il Physics Book (for target 50 ab™)

also anticipated
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https://arxiv.org/abs/1808.10567

Summary

* Exclusive semi-leptonic B-meson decays are golden modes for extractions of CKM matrix
elements |V, | and |V, |

* With large projected dataset and improved detector, Belle Il aims to increase precision of these
measurements and resolve tension between inclusive and exclusive results

* Multiple studies of exclusive semi-leptonic decays underway using various analysis approaches,
with first |V, | and |V_, | measurements planned for 2022

* Related topics: - Inclusive semi-leptonic decays (Raynette van Tonder)

- Exclusive semi-leptonic decays involving t leptons (Racha Cheaib)
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The Belle Il Collaboration
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https://indico.cern.ch/event/891123/contributions/4601699/
https://indico.cern.ch/event/891123/contributions/4601705/
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First Results: Hadronic Tagged B—>pfv,

BY - p= ¢ty Bt — p%ty,
NGt 11.0 £ 8.3 13.7 +£ 9.4
B (1.51 4 1.13(stat) & 0.09(syst)) x10~* (9.26 + 6.33(stat) & 0.38(syst)) x107°
95% CL limit <3.37x 1074 <19.7x107°

Brpa (2.94 +£0.11£0.18) x10~4 (1.58 £ 0.11) x10~*




